Regional extirpations of pikas (Ochatona princeps) within the last few decades have been attributed to global warming. Other recent global alterations such as increased nitrogen (N) deposition and associated selenium (Se) deficiency may further stress pika populations. In 2003 and 2004, we live-trapped pikas from three populations in Wyoming and measured Se values in their hair. We also sampled hair and liver from museum specimens collected throughout the Northern Rocky Mountains in 1987 and 1988. Our results suggest that liver and hair values were related, and that pika hair reflected the Se concentrations of the geologic parent materials. We determined that animals residing in several remote areas in the Rocky Mountain region could be Se deficient and that increase in N deposition correlated with an increase rather than a decrease in Se values in pika hair. In addition, we found no relation between Se contents in hair and body condition index, suggesting that low Se levels may not have negative effects on individual pikas. Whether Se levels influence reproductive success of pikas is unknown and should be the focus of future studies.
INTRODUCTION
Since the end of the Wisconsin glaciation (10,000-12,000 yr ago), North American pikas (Ochotona spp.), which are small lagomorphs restricted to talus slopes in alpine habitats (Lawor, 1998; Beever et al., 2003) , have experienced range reductions, isolation, and localized population extirpations due to increased summer temperatures and reductions in available habitat (Brown, 1971; Greyson, 1977 Greyson, , 1987 . Studies of O. princeps within the last few decades suggested that this declining trend is accelerated because of global warming (Clinchy et al., 2002; Beever et al., 2003; Franken and Hik, 2004) as increased summer temperatures may exceed the thermoregulation capacity of pikas (MacArthur and Wang, 1973; Hafner, 1993; Beever et al., 2003) .
In addition to potential direct effects associated with global warming, micronutrient deficiency may be an emerging problem in remote alpine habitats (Flueck, 1994) . In particular, selenium (Se) deficiency is known to decrease glutathione peroxidase activity. This enzyme protects cellular membranes against oxidative damage (Ohlendorf, 1996; Arthur et al., 2003) . Selenium deficiency can also compromise the immune system (Sheehan and Halls, 1999; Arthur et al., 2003) and reduce reproduction (Combs and Combs, 1986; Flueck, 1994; Gü venc et al., 2002) . Population impacts associated with Se deficiency have been reported for a Rocky Mountain bighorn sheep (Ovis canadensis candensis) herd in the Wind River Range of Wyoming. This herd displayed signs of nutritional muscular dystrophy (NMD), a disease often associated with Se deficiency in domestic ungulates. Approximately half of this herd died and the problem was subsequently alleviated through Se dietary supplementation (Hnilicka et al., 2002) .
Selenium bioavailability largely depends on the Se content in the soils, which usually reflects the Se content of the parent geologic material (Meyer and Burau, 1995) . High concentrations of Se are found in sedimentary rocks like shales, sandstones, and phosphate rocks (Adriano, 1986; Ohlendorf, 1996; Dhillon and Dhillon, 2003) . Lower levels usually occur in granites, rhyolites and rhyolitic pumices, limestones, and dolomites (Combs and Combs, 1986; Berrow and Ure, 1989; Ihnat, 1989) . Under conditions of increased soil nitrogen (N), soil microorganisms are capable of depressing Se bioavailability either by reducing Se to forms unavailable to plants or volatilizing it into the atmosphere (Thompson-Eagle et al., 1991; Dhillon and Dhillon, 2003) . Maximum Se volatilization occurs in moist soils (Thompson-Eagle et al., 1991) . Thus, increased deposition of N from anthropogenic sources in recent decades (Wolfe et al., 2001) , coupled with high summer precipitation, may reduce bioavailability of Se to plants and herbivores even in remote alpine habitats. Reduced bioavailability of Se may be exacerbated for pikas that inhabit areas with a high percentage of talus where soils are shallow (Clayton et al., 1991) and are readily saturated with atmospheric N deposits (Baron et al., 1994) . If pikas are sensitive to Se deficiency, anthropogenic increases in N deposition may have an added detrimental effect on their already stressed populations.
In this study, we measured the levels of Se in the hair of individual pikas from three populations in Wyoming inhabiting talus slopes derived from three different geologic parent materials. Hair has been used to assess body Se status reliably (Combs and Combs, 1986; Ihnat, 1989; Deore et al., 2002; Gü venc et al., 2002) , and it is a convenient tissue to collect in remote areas because it can be stored without Se loss. Because studies of Se usually report levels in tissues such as liver, kidneys, and blood (Combs and Combs, 1986; Ihnat, 1989; Flueck, 1994; Ohlendorf, 1996) , we measured Se values in liver and hair samples of 21 pika specimens provided by the New Mexico Museum of Natural History (NMMNH; University of New Mexico, Albuquerque, New Mexico). Our goal was to derive a relation between Se levels in hair and liver, so that we could use hair values to detect Se deficiency in the field samples. We also used these museum specimens to increase our sample size for exploration of effects of geologic parent material on Se values in pika hair and to evaluate the effects of increasing N deposition on Se in these animals. Finally, we investigated the relation between Se values in the hair of pikas and measures of body condition in order to determine whether Se-deficient pikas were adversely affected.
METHODS

Field sites
Pikas were live-trapped in three Wyoming mountain ranges: northern Wind River Mountains in northwestern Wyoming (43.38uN, 109.63uW), the Snowy Range Mountains (southeastern Wyoming 41.33uN, 112.33uW), and northern Big Horn Mountains in northeastern Wyoming (44.73uN, 113.74uW; Table 1). These alpine tundra habitats are dominated by perennial forbs, grasses, sedges, shrubs, and cushion plants, including alpine avens (Geum rossii), alpine bistort (Polygonum viviparum), alpine forget-me-not (Eritrichium nanum), alpine sagewort (Artemisia scopulorum), mosscampion (Silene acaulis), cinquefoil (Potentilla diversifolia), and alpine clover (Trifolium dasyphyllum; Knight, 1994; Scott, 1995) . The mean annual temperature is below freezing and the mean annual precipitation averages 90 cm (Wyoming Climate Atlas, 2005) . In the summer of 2003, we captured 14 individual pikas and anesthetized them with an intramuscular injection of ketamine hydrochloride (Vetalar, BioNiche Animal Health, Belleville, Ontario, Canada). Dosages varied; but averaged 0.8 mg/kg body weight. We then implanted a sterile subcutaneous passive integrated transponder (PIT tag) between the shoulder blades for individual identification, and plucked about 0.1 g of hair from the collar region for Se analysis. All hair samples were stored in acid-washed plastic tubes with plastic lids. We also measured body mass (g), as well as total body, skull, and left hind-foot lengths (mm). After processing, each pika was placed in the trap until recovery and then released at the capture site.
In the summer 2004, we captured 31 new pikas; two of these were individually marked with a PIT tag and the rest were marked with a permanent ink to trace within season recaptures. Hair samples were collected at first capture only in each season.
During the two summers, six pikas died as a result of handling and carcasses were kept cold in snow until frozen at 220 C in the lab. Hair and liver samples were collected from five of these six individuals for Se analysis (one carcass was too decomposed to yield reliable estimates).
Museum specimens
We obtained 21 hair and liver samples of pika specimens from NMMNH preserved as skin, skeleton, and frozen tissues. Skin specimens were prepared with no preservatives. Partial portions of livers had been frozen immediately in the field in liquid N and subsequently stored at 280 C. Three pikas were selected from each of seven Rocky Mountain sites that represented a range of geologic parent materials (Table 1) (NMMNH 986, 988, and 998) . The British Columbia specimens were collected in 1988 and all others in 1987. The samples from Wyoming were collected in the same mountain ranges as the live-captured pikas, thus providing information on temporal change in Se values in relation to N deposition in these locations. We plucked approximately 0.1 g of hair from the left side of the collar region from the study skins, similar to the sampling protocol we used for field collections.
Geologic material and nitrogen deposition data
The geologic material at each location was determined using geologic maps (USGS National Geological Maps Database). Because Se parentheses) . Selenium contents for these specific locations were unavailable, so values were coded based on published data for similar rock formations (Combs and Combs, 1986; Berrow and Ure, 1989; Ihnat, 1989 values for geologic parent materials for these areas were unavailable, we developed an ordinal scale (1-4) of Se contents based on values published for similar rock formations (Table 1 ; Combs and Combs, 1986; Berrow and Ure, 1989; Ihnat, 1989 
Selenium processing and analysis
Field and museum hair and liver samples were sent on dry ice to Olson Biochemistry Laboratories (South Dakota State University, Brookings, South Dakota, USA) for Se analysis. Selenium content was determined with the use of the fluorometric method described by Palmer and Thiex (1997) . Biologic samples were digested (oxidized) in nitric and perchloric acids, diluted, and reduced with HCl. Following digestion and acid treatments, 2,3-diaminonaphthalene was added to form Se 4+ 2,3-diaminonaphthalene complexes. Fluorometry was then used to measure the reaction product (Palmer and Theix, 1997). The detection limit was 80 ppb for hair samples and 50 ppb for liver samples.
Statistical analysis
Linear regression with liver as the independent and hair as the dependent variables was used to detect a possible relationship between Se concentrations in pika hair and liver (Neter et al., 1996 ; SPSS for Windows 15.0). Similarly, we used linear regression to evaluate the relation between geologic parent materials and mean Se values in pika hair. Means rather than individual points were used to account for differences in sample sizes (Table 1; Neter et al., 1996) . To evaluate the effects of N deposition on Se values in pika hair, we calculated the difference in N deposition between every 2 yr of data (e.g., value of N deposition for Snowy Range in 1987 subtracted from 2004). Similarly, we calculated the mean difference in Se levels in pika hair for each 2 yr of data. We then regressed the difference in Se values against the change in N deposition using a linear model (Neter et al., 1996) . Finally, to establish the relation between Se values and body condition, we developed a condition index. Body mass was divided by the left hind-foot length of each animal. We used linear regression with hair Se as the independent variable and body condition as the dependent variable (Neter et al., 1996 ; SPSS for Windows 15.0).
RESULTS
Liver Se ranged from 195 ppb to 3480 ppb; hair Se ranged from 113 ppb to 554 ppb. Two points were identified as outliers (studentized residuals .2) and excluded from the analysis ( Fig. 1 ; Neter et al., 1996) . Se values in hair increased with increased liver contents ( Fig. 1 ; linear regression, R 2 50.81, P,0.001).
As expected Se content in pika hairs was higher in areas with enriched geologic parent material ( Fig. 2 ; regression on means, R 2 50.315, P50.034). Similarly, the difference in Se in pika hairs was positively related to the difference N deposition for the sites sampled in Wyoming ( Fig. 3 ; regression on mean differences, R 2 50.931, P50.0004). Values of body condition index in pikas ranged from 24.8 to 71.2. We found no relation between Se values in pika hair and this body condition index ( Fig. 4 ; linear regression, R 2 50.0014, P50.81).
DISCUSSION
Results suggest that values of Se in hair can be used to evaluate Se status in pikas. The occurrence of two outlying points is puzzling, because Se loading in hair is FIGURE 2. Relation between selenium contents in underlying geologic parent material (ordinal codessee Table 1 ) and selenium levels (ppb; mean6SE) in hair of pikas. likely to increase only when animals have met a minimum physiological requirement (Deore et al., 2002) . To determine whether some of the sampled pikas experienced Se deficiency we compared our results to published values in the literature (Table 2). With the use of the lowest reported value of adequate levels of Se in hair (350 ppb for goats; Table 2 ) it appears that 44 of 66 pikas may have been Se deficient. Given that for several species minimum adequate liver values can be as low as 250 ppb (Table 2) , it is unlikely that so many pikas are Se deficient. Therefore, we used the regression between hair and liver Se (Fig. 1) to estimate the Se liver values for those live-captured pikas for which we only had hair Se data. Comparing these estimates and minimum adequate liver values for the phylogenetically related rabbits (900 ppb), it appears that 10 of 66 pikas (three museum specimens and seven live-captured individuals) could have been Se deficient. These 10 animals were captured in the Wind Mountain Range in Wyoming and collected in British Columbia; these areas are both characterized by granite rocks that contain low levels of Se. These results agree with our observation that the Se patterns in pika hair broadly correspond with underlying rock composition.
That the relation between rock formation and Se in pika hair accounted for about 30% of the variance is not surprising, given that we had no actual information on Se contents in the geologic parent material for our study areas. In addition, this relation was likely masked by the effects of N deposition and pika behavior. In contrast with our prediction, higher N deposition corresponded with increased Se levels in pika tissues. It is possible that this positive relation between N deposition and Se in pika hair is a result of a concurrent increase in atmospheric Se deposition (Haygarth et al., 1995; Steinnes et al., 2005; Donahue et al., 2006) , rather than from effects of N deposition on the activity of soil microorganisms. If this interpretation is correct, increased atmospheric deposition may ameliorate Se deficiency in areas where geologic parent material is depleted in Se. In areas rich in Se, such atmospheric deposition may lead to Se toxicity, which may negatively affect already declining pika populations.
An additional ameliorating effect to Se deficiency could stem from the behavior of pikas. Dearing (1997) found that pikas are able to choose plants rich in allelochemicals, which enhances their preser- Our results suggest that although bioavailability of Se to pikas may be reduced in some areas, it may not necessarily translate into reduced body condition. Although we used hind-foot length rather than the more commonly used body length (Bookhout, 1996) , we believe our results are representative. First, several studies suggest that hind-foot length is a more reliable estimate of total body size than body length for unanesthetized animals (Pauli et al., 2006) . Second, we found no relation between body condition and Se levels in hair of pikas, regardless of whether we used hind-foot, body, or skull lengths (not reported). Nonetheless, the lack of relation between Se and body condition does not indicate that pikas are not experiencing reduced immune capacity or reproduction with Se deficiency. Controlled feeding studies would be necessary to determine if pikas contract any disorders associated with Se deficiency. Also, field monitoring will be required to determine if pikas in Se-deficient populations experience low survival or recruitment.
Our study suggests that some pika populations may be experiencing Se deficiency in addition to the effects of global warming (Beever et al., 2003) . Nonetheless, because pika populations are isolated, it is possible that individuals inhabiting areas with low Se in the parent material evolved physiologic adaptations in addition to behavioral ones that enable them to persist with low Se intake. Because such adaptations are likely to be genetically based, evaluating differences in the genetic makeup of pikas from different populations merits further investigation.
